ABSTRACT: Yearling Chinook salmon Oncorhynchus tshawytscha were sampled off Washington and Oregon, USA, along with environmental factors, every June from 1998 to 2010. The abundance of yearling Chinook salmon varied over space with a high proportion of zero catches. Positive catches were more numerous north of the Columbia River, likely because most yearling Chinook salmon turn north after leaving the Columbia River. Using the latitude of the Columbia River mouth as a geographical border, the survey area was divided into 2 regions: north and south of the Columbia River. We hypothesized that (1) the spatial distribution pattern within each region was related to local environmental factors and (2) the difference between north and south was related to largescale ocean processes. A constrained zero-inflated generalized additive model (COZIGAM) was applied to examine the non-linear relationships between juvenile salmon abundance and environmental factors. Results from the COZIGAM suggested that water temperature, chlorophyll a (chl a) concentration, copepod biomass and spatial factors were significantly correlated with the density of salmon in the northern region, and only chl a concentration was correlated significantly with yearling Chinook density in the southern region. The difference between the abundances north and south of the Columbia River was significantly correlated with alongshore ocean currents, with weaker alongshore currents leading to greater difference between north and south. Results suggest that salmon distribution is determined not only by standard habitat parameters (local biotic and abiotic factors) but by ocean conditions such as the strength of alongshore coastal currents. 
INTRODUCTION
Environmental factors often show complex nonlinear relationships with the distribution of fish species (Swartzman et al. 1992 , Stoner et al. 2001 , Ciannelli et al. 2008 . To model the non-linear relationships, generalized additive models (GAMs) have been shown to perform better than commonly used generalized linear models (GLMs) (Wood 2006 , Yu et al. 2011 . While the Poisson distribution is often used to model count data (Cunningham & Lindenmayer 2005) , over-dispersion often becomes a major issue when the count data are zero inflated. Ignoring zero inflation can cause biased estimation of parameters and standard errors (Richards 2008) , and, therefore, for survey data with many zeroes, zero-inflated distributions may be more appropriate (Lambert 1992 , Hall 2000 . A constrained zeroinflated generalized additive model (COZIGAM) has been developed to model the non-linear relationships for these types of data (Liu & Chan 2010) . In the present study, we de veloped a COZIGAM to understand the spatial and temporal distribution of juvenile Chinook salmon Oncorhynchus tsha wyt -scha off Washington and Oregon, USA. This model has a large potential for studying the spatial pattern of salmon as well as other species.
Previous studies have revealed that local environmental factors can affect the life-history traits of salmon. For example, sea surface temperature (SST) is correlated with growth rate (Hinch et al. 1995) , age of maturation (Friedland 1998) , timing of migration (Met calfe 1998, Dahl et al. 2004) , marine production (Jonsson & Jonsson 2004 ) and habitat use (Hinke et al. 2005) . Chlorophyll a (chl a) concentration and zooplankton biomass also influence salmon distribution and production (Brodeur et al. 2004 , Bi et al. 2007 , 2011a . However, the preferences to the environmental factors are different among populations and even among different life stages (Kendall et al. 2010 ). Many studies have been conducted on salmon ecology; however, the general understanding of yearling Chinook salmon distribution is very limited (Trudel et al. 2009 , Peterson et al. 2010 , Tucker et al. 2011 . In the present study, we focus on the variation in spatial distribution and how it is related to environmental factors.
The potential impact of large-scale ocean conditions on salmon has gained wide interest in recent years. The Pacific Decadal Oscillation (PDO) was reported to influence adult salmon catches in the Northeast Pacific Ocean (Mantua et al. 1997 , Rupp et al. 2012 , El Niño events influence the survival of salmon (Pearcy 1992) , and strong correlation has been found between the Coastal Upwelling Index (CUI) and salmon survival (Nickelson 1986 , Logerwell et al. 2003 ) (although the relationship between upwelling and salmon has since broken down). The mechanisms of these relationships are not completely understood. A general perception is that changes in large-scale ocean conditions will cause variation in local environmental factors, such as water temperature, prey availability and prey quality (suggested by Hooff & Peterson 2006) , and these may in turn affect salmon survival and production in certain areas.
The distribution of yearling spring Chinook salmon shows spatial and interannual patterns along the coast off Washington and Oregon, USA (Peterson et al. 2010) . In general, yearling Chinook salmon are more abundant along the Washington coast than along the Oregon coast (Pearcy & Fisher 1990 , Trudel et al. 2009 , Peterson et al. 2010 . The abundance of yearling Chinook salmon in trawl surveys also shows large interannual variation (Bi et al. 2007 , Peterson et al. 2010 . The spatial distribution pattern has been shown to correlate with large-scale ocean conditions and local environmental factors along the Washington and Oregon coasts, such as strong upwelling, the PDO, chl a concentration, copepod biomass, water temperature and bathymetry (Brodeur et al. 2004 , Bi et al. 2008 , 2011a , Peterson et al. 2010 . Understanding juvenile salmon spatial distribution in relation to its pelagic habitat is necessary for studying spatial variation of juvenile salmon growth and survival. However, analysis of spatial distribution can be challenging for 4 reasons: (1) the complexity of the physical processes affecting their spatial/temporal variations, (2) the relatively low density of juvenile Chinook salmon in the ocean, (3) the large proportion of zero catches in the survey data and (4) juvenile salmon are often spatially autocorrelated, i.e. ag gregative in certain areas. These problems are not unique to salmon but also apply to other aquatic species (Minami et al. 2007 , Arab et al. 2008 .
All previous studies (Bi et al. 2007 , 2008 , Peterson et al.2010 , Pool et al. 2012 ) are based on the premise that both large-scale ocean conditions and local habitat characteristics could affect where juvenile Chinook salmon reside. However, none of the previous studies have properly addressed spatial autocorrelation, except Bi et al. (2011a) where random effects were considered as spatial structure. Without properly addressing spatial autocorrelation, models may produce dubious relationships (Latimer et al. 2006 , Beale et al. 2010 . Therefore, it is necessary to test spatial autocorrelation patterns and develop new models that can address spatial autocorrelation; here we investigate use of the COZIGAM. The objectives of this study were to: (1) understand spatial and temporal variations of juvenile Chinook salmon density, (2) characterize salmon density using environmental and spatial factors, and (3) examine the relationship be tween salmon spatial distribution and large-scale ocean conditions using alongshore currents as a proxy.
MATERIALS AND METHODS

Study area and data collection
Yearling spring Chinook salmon Oncorhynchus tshawytscha were sampled with a pelagic rope trawl (NET Systems, Nordic 264) off Washington and Oregon in June from 1998 to 2010, along 9 transects and 6 to 10 stations along each transect (Fig. 1 ). The trawl net was 100 m long with a 30 × 20 m mouth opening, and 0.8 cm mesh size at the cod-end. At each location, the upper 20 m water column was sampled in tows over a distance of approx. 3 km. Salmon density was estimated as number of fish caught per tow. Chi-nook salmon with fork lengths between 141 and 280 mm were considered yearlings (Peterson et al. 2010) . Habitat parameters were also recorded at each sampling location (Table 1) . We calculated a mean alongshore current velocity within 1° of the coast at the latitude of the Columbia River mouth (46.2°N) using satellite altimeter and coastal sea level data (following Saraceno et al. (2008) ). For details of sampling methods of environmental factors, see Bi et al. (2007) and Peterson et al. (2010) .
Data analysis
Moran's I (Moran 1950 ) was used to examine spatial autocorrelation of the salmon survey data. The function to estimate Moran's I is:
( 1) where n is the number of observations, Y(t i ) and Y(t j ) are catch data at any 2 spatial locations i and j,⎯Y is the mean value of all observations, S 2 is the variance, and h is the sum of inverse distance weights h ij . If spatial autocorrelation is absent, the expected value of I is −1/(n − 1), which tends towards zero as n increases. Significance of spatial autocorrelation was tested by transforming I to Z-scores:
where E indicates expectation and Var indicates variance. To calculate distances between observations, latitude and longitude were converted to the NAD 1983 UTM 10N projected coordinate system, and the Euclidean distances were used. Directional Moran's I was also calculated in this study. North−south Moran's I indicated that only the spatial points located at a similar longitude (<10 km) were correlated; similarly, west−east Moran's I was used for the spatial points at a similar latitude (< 2 km).
The zero-inflated Poisson distribution is a mixture of 2 distributions, a degenerate component that is zero with certainty and a second component that includes zeros and positive values (i.e. the Poisson distribution). The general form of this distribution is:
where k is the number of occurrences, λ is the mean of the observations from the non-zero-inflation part, and ω is the probability that an observation comes from the degenerate component (Maunder & Punt 2004) . Since the zero-inflated Poisson distribution is divided into 2 components, a non-zero-inflation part and a zero-inflation part, the data can be analyzed using a ( 1) ( Per sampling site Salinity Per sampling site COZIGAM (Liu & Chan 2010) . We developed separate COZIGAMs for the northern and southern regions because the densities of juvenile spring Chinook salmon and the characteristics of their habitats were quite different in these 2 regions. The non-zero-inflation part was modeled using a GAM (Wood 2006) : (4) where α is the intercept, g is a log link, μ is the expectation of observations, s is a smoothing function, and k 1 to k 6 are the numbers of knots for smoothing functions. The zero-inflation part is modeled with a logistic regression model:
where c is an estimated parameter, δ = (δ 1 , δ 2 , δ 3 , δ 4 , δ 5 , δ 6 ) T is a vector consisting of 6 coefficients, each associated with a single smooth function, and T is the transpose of a vector. The parameters in COZIGAM were estimated using a penalized likelihood method (Liu & Chan 2010) . The marginal likelihood method was used to choose the predictor variables in both the non-zero-inflation part and zero-inflation part of the COZIGAM. At first we chose water temperature, chl a concentration, copepod biomass, salinity, water depth and spatial factors as available predictor variables based on a literature review. All possible covariate combinations were used to build candidate models. Those models that could not converge or could converge but with non-significant coefficients were eliminated. Then the marginal likelihood was calculated for each optional model. The model with the highest marginal likelihood was selected as the final model. The expectation and variance of each observation were estimated as: (6) (7) The effect of each predictor variable was the prediction of the smooth function s( predictor) in the COZIGAM. The absolute value of the effect was used to measure the relative importance of the predictor variables in the model. The number of knots is often restricted to 4 for a single covariate (Yu et al. 2011) . In Eqs. (4) & (5), the number of knots was predetermined (k 1 to k 5 = 4, k 6 = 20) in order to avoid over-fitting. The fitted salmon density in each year was estimated by: (8) where E (Y i,y ) is the expectation of observation i in year y and n y is the number of observations in year y. And its variance was:
The fitted salmon density and its variance in each transect were estimated using a similar equation by replacing time scale with spatial scale. We initially applied the COZIGAM model to the full data, but the model did not converge due to the increasing zero observations from north towards south. Thus, we applied the model to north and south of the Columbia River separately. Note that most juvenile salmon in the study area were from the Columbia River, and they typically migrated north after they were released into the ocean.
As will be shown below, we found differences in distributions between the northern and southern regions. We tested the hypothesis that the differences were related to the alongshore current by using cumulative current speed in the period from April to June. These data and the methods by which they were calculated are from Bi et al. (2011b) . Positive accumulated alongshore ocean current speed indicated that the current flowed from the California coast to the Washington and Oregon coast, and vice versa. A simple linear model was used to analyze the relationship between 3 mo accumulated alongshore ocean current speed and the log-transformed ratio of fish densities in the northern and southern regions. All analyses were conducted using R software (v. 2.11.1; http://www.r-project.org).
RESULTS
The catch (Oncorhynchus tshawytscha density) data were highly zero-inflated in both the northern and southern regions (Fig. 2) . The proportion of zero catches among total catches was 35.8% in the northern region and 63.0% in the southern region. The overall mean density of yearling Chinook salmon in the entire study area was 3.5 ± 7.6 ind. tow −1 (mean ± SD) in June from 1998 to 2010. The density in the northern region was 5.7 ± 9.8 ind. tow , and the density in the southern region was 1.1 ± 2.4 ind. tow −1 . The density of yearling Chinook salmon and environmental factors varied over time but without a clear trend (Fig. 3) . The density was highest in 2008 and lowest in 2005, followed by 1998. In most years, mean SSTs were around 12 to 14°C. The warmest 
year was 2005 (mean = 14.9°C) and the coldest year was 2008 (mean = 11.6°C). Copepod biomass and chl a concentration also exhibited high variability over time. The variation in chl a concentration in 2007 was higher than that in other years (SD = 18.4). The density of yearling Chinook salmon showed a clear latitudinal pattern (Fig. 4) . Densities increased with latitude up to 47.9°N and then decreased in the northernmost transect. Water temperature increased from 44.7 to 46.2°N and then decreased with increasing latitude. In general, copepod biomass decreased with increasing latitude. Chl a concentration was on average higher (and more variable) in the north (47.5 and 48.2°N).
Using Z-scores of global Moran's I and directional Moran's I, we found that significant spatial autocorrelation occurred in the distributions of yearling spring Chinook salmon in some years (Fig. 5) and that salmon displayed a different spatial pattern between the 2 regions. In the northern region, salmon showed significant spatial autocorrelation in 5 of the 13 years (1999, 2002, 2004, 2005 and 2010) , but only in 3 years were salmon spatially autocorrelated in the southern region (2001, 2008 and 2009) . Furthermore, the directional Moran's I tended to be consistent in an east−west (inshore−offshore) direction and north− south direction in both regions, i.e. if spatial autocorrelation occurred in one direction, it also occurred in the other direction. The global Moran's I statistic was mainly determined by the south−north directional pattern in both the northern and southern regions (Fig. 5) .
Relationship between fish density and predictor variables
For the non-zero-inflation part of the model, water temperature, copepod biomass, chl a concentration and spatial factors were significant in the northern region, and only chl a concentration in the southern region. For the zero-inflation part of the model, water temperature and copepod biomass were significant in the northern region, and chl a in southern region. The coefficients of the COZIGAM on juvenile Chinook salmon density were estimated separately in the northern and southern regions (Tables 2 & 3 p-value for each coefficient and smooth function was < 0.05, suggesting significant relationships between the fish density and predictor variables. The mean fitted fish densities in each year and at each transect were close to the observed mean density in the northern region (Fig. 6a) . However, the model fit in the southern region was not as good as in the northern region, especially for the transect values (Fig. 6b) . In the northern region, the predictor variables showed clear non-linear relationships with the salmon density (Fig. 7a) . The relationship with temperature was especially non-linear, with an optimal tem- Table 3 . Oncorhynchus tshawytscha. Coefficient estimates of the COZIGAM on juvenile spring Chinook salmon density in the southern region perature around 11.5°C (positive effect between ~10 and 13°C). We also found that copepod biomass had an increasingly positive effect on salmon density. Chl a concentration mostly had a positive effect on salmon density (~2 to 8 mg m −3
), but a negative effect at higher concentrations. The interaction between spatial factors (longitude and latitude of the observations) showed a positive effect in the near shore region, but a negative effect in the offshore re gion. In the southern region, salmon distribution was mainly affected by chl a concentration that mostly showed a positive effect on salmon density (more than ~2 mg m −3 , Fig. 7b ). In the northern region, when the mean absolute effect of each predictor was compared, the spatial factors had the strongest effect on juvenile salmon distribution, followed by temperature, copepod biomass and chl a (the effect of each variable varied somewhat among years) (Fig. 8) .
Relationship between alongshore ocean current and salmon distribution
Alongshore ocean currents showed a strong annual variation pattern (Fig. 9a) . For most years, the alongshore current changed its direction from northward (positive) to southward (negative) in April. The years 1998 and 2010 were not included in this analysis because the juvenile salmon survey in 1998 was in complete (only a few locations in the northern region were sampled), which would have biased the estimation of fish densities ratio. The ocean current data were only available for the beginning of 2010. The ratio of fish densities in the northern and southern regions varied over time. The log-transformed ratio was positively correlated with April to June accumulation of alongshore ocean current speed (Fig. 9b) , such that years with higher values of alongshore-cumulated current speed to the north resulted in a higher northto-south ratio of catches.
DISCUSSION
Our results show that the spatial distribution of yearling Chinook sal mon Oncorhynchus tshawytscha is influenced by processes at different spatial scales. At a regional scale, the difference between north and south is related to alongshore water movement, a proxy for large-scale process. At a sub-regional scale, the spatial distribution can shift interannually due to differences in aspects of habitat quality (as indexed by temperature, chl a concentration and copepod biomass). Climate change and large ocean conditions can influence the variation of regional and local physical and biological processes (Chhak et al. 2009 ). For example, the PDO can lead to variation in alongshore water movement (Bi et al. 2011b , Keister et al. 2011 , water temperature and nutrient composition in local waters of the Northeast Pacific (Chhak & Lorenzo 2007) , copepod community structure (Hooff & Peterson 2006 ) and salmon abundance (Man tua et al. 1997 , Peterson & Schwing 2003 . These effects can propagate up the food web and likely have significant impacts on fish abundance and distribution. Our study also supports the findings that both large-scale and local factors control temporal and spatial variation of salmon density, which is critical in order to study relationships between ocean conditions, pelagic food webs and salmon.
The relationships between juvenile spring Chinook salmon density and environmental factors at a local scale were non-linear and complex. For example, in 2005, the mean water temperature was the highest during the survey period (14.9°C), and the juvenile salmon density was very low both in the northern (0.95 ind. tow ). By contrast, in 2008, the water temperature was the lowest (11.6°C), and the juvenile salmon density was the highest both in the northern (15.0 ind. tow −1 ) and southern regions (2.6 ind. tow −1 ). Previous studies described these relationships using linear models (Bi et al. 2007 (Bi et al. , 2008 . In the present study, we found that a linear model might underestimate the complex relationships within the study area. For example, a dome-shaped relationship between temperature and yearling Chinook salmon density potentially reflects the optimum temperature range for yearling Chinook salmon. Similar results were found for copepod biomass and chl a concentration. However, the relationship between chl a concentration and yearling Chinook abundance is puzzling. Previous studies have suggested that high chl a concentration indicated high production of all trophic levels including the small fish and krill upon which salmon fed (Ware & Thomson 2005) . In the present study, chl a concentration showed mostly a positive effect on sal mon abundance, which is consistent with previous studies, but only at com paratively low concentrations; in contrast, chl a concentration showed a negative effect on salmon abundance when the concentration was higher than ~8 mg m −3 , north of the Co lum bia River mouth. This suggests that a high chl a concentration (and the associated high turbidity) has adverse effects on juvenile salmon, perhaps limiting the ability of salmon to find prey and, in turn, causing them to leave such areas and seek less turbid waters. The juvenile Chinook salmon distribution showed an apparent spatial difference in northern and southern regions, with the Washington coast (northern region) usually providing better habitat than the Oregon coast (southern region), such as lower water temperature, a broad shelf with sluggish circulation and higher productivity (Hickey & Banas 2008 , Peterson et al. 2010 . Based on the directional Moran's I (Fig. 5) , the global Moran's I was mainly determined by the south−north directional Moran's I. The higher Moran's I values indicate that the fish were more aggregated in the north. Similarly, the factors correlated in a south−north direction, which may affect juvenile salmon distribution greatly, were temperature and alongshore ocean current. Alternatively, Peterson et al. (2010) suggested the hypotheses that spatial variations in the distribution patterns of juvenile salmon were related to the presence of submarine canyons along the Washington coast, features which are absent off Oregon (Hickey 1995) . These canyons may offer better habitats to juvenile salmon because canyons may concentrate krill, an idea suggested by Peterson et al. (2010) . In the present study, the effect of spatial factors was the most important factor, and the overall spatial structure north of the Columbia River -derived from the COZIGAM model -was consistent with the canyon hypothesis. In the southern region, the spatial factor did not have a significant effect. However, the canyon hypothesis cannot address the interannual variation in the difference between the north and south, because can yons are fixed geographic features that, of course, do not show interannual variation. Juvenile spring Chinook salmon density can be im pacted by the alongshore ocean currents. The higher ratio between the densities in the northern versus the southern region could be caused by relatively high abundance in the north (e.g. 1999 and 2000) and/or relatively low abundance in the south (e.g. 2005 and 2006) . The lower ratio could be caused by lower abundance in the north (e.g. 2001) and/or higher abundance in the south (e.g. 2008). The interannual variation between the density in the north and south could also be a function of differential mortality and migration behavior in the 2 different regions. Trudel et al. (2009) reported that juvenile Chinook salmon migrated faster in the northern than in the southern region. The differential mortality in the north and south could be caused by the fact that ocean conditions may influence the Washington coast differently from the Oregon coast. Previous studies have shown that stronger southward alongshore ocean currents enhanced the biomass of cold-water copepods (Bi et al. 2011b , Keister et al. 2011 . The cold-water copepods are from the coastal Gulf of Alaska and rich in lipids which, in turn, results in a food chain with relatively higher lipid (thus bioenergetics) content. Given that salmon are a lipid-rich species with some of the highest values of omega-3 fatty acids of any marine fish, it is reasonable to assume that their growth and survival are a function of the bioenergetic content of the food chain (Hooff & Peterson 2006 , Lee et al. 2006 . However, in other years (e.g. 2002) , a southward alongshore current did not lead to higher abundance in the south. Further investigations are needed in the future on how ocean conditions influence the survival and migration of juvenile salmon off Washington and Oregon differently.
The model fit of the COZIGAM was good compared to the observed data. However, the observed fish densities were much lower than modeled densities in 2005 and higher in 2008 than the average level. Local environmental factors could not explain this observation completely, suggesting that largescale ocean conditions, such as the PDO and the El Niño Southern Oscillation, may contribute to this distribution pattern. However, the mechanism of their contributions is still un known. It seems that large-scale ocean conditions will affect local environmental factors and then further influence juvenile salmon distribution. For ex ample, in 2008, the PDO had extraordinarily negative values, the water temperature was very low during the juvenile salmon survey period, and many more juvenile salmon were caught in that year. In comparison, in 2005, a time when the PDO was positive, the lowest densities were observed. The low densities apparently were related to warm temperatures in May and June when salmon first entered the sea. The warm conditions indicate a poor feeding environment, as suggested by the extremely low biomass of northern lipid-rich copepod species in May to July (Kosro et al. 2006 , Mackas et al. 2006 .
One of the distinctive characteristics of the juvenile Chinook salmon survey data was the prevalence of zero catches. Additionally, the percentage of non-zero catches also changed over time. Only 22.2% of the sampling locations (36 sampled stations) had non-zero catches in 2005; however, 83.7% of the sampling locations (49 sampled stations) had non-zero catches in 2008. If we ignored this zero-inflated problem and fitted a standard Poisson model, the estimated parameters could be biased (Welsh et al. 1996) . The COZIGAM is a 2-stage approach to solve this problem. This model was able to fit the survey data appropriately and correctly reflect the interannual and spatial distribution patterns of juvenile spring Chinook salmon. We found that the probability of a zero catch belonging to the zero-inflation part of the model could be explained by water temperature and copepod density in the northern region and chl a concentration in the southern region. This result was consistent with the findings of a previous study (Bi et al. 2008 ). However, a non-linear relationship may be a more reasonable explanation for the variation in the zeroinflation probability. This model will be helpful for further study of salmon distribution, because water temperature and chlorophyll data can be obtained from satellite surveys, allowing one to model on much finer scales. 
